The genome of bovine cytomegalovirus (BCMV) strain 66-P-347 consists of doublestranded, linear DNA with a size of 144 + 6 kb. It contains polyrepetitive DNA (prDNA) segments like five other BCMV strains. The restriction patterns of the prDNA of all six strains are very similar and indicate that monomeric prDNA units are either 1950 bp (class I and Ia), 2350 bp (class II) or 2750 bp (class III) in size. The complete unit sequence of strain 66-P-347 (class II) was cloned in bacteriophage vector M13mp7 and mapped by the restriction enzymes EcoRI, BamHI, BglI, NaeI, SstII and PstI. From these results the restriction maps of the prDNA of the other five strains were deduced. The 400 bp differences in size between the three prDNA classes are a consequence of the appearance of an internal 200 bp sequence being present one-, three-or fivefold in head-to-tail formation. Hybridization of 35S_labelled recombinant phage DNA to Southern blots with DNA of the different strains leads to the conclusion that prDNA units are present as multimers in tandem formation at both genomic termini in the same orientation. The number of terminal repeat units varies between individual molecules of a strain, but the actual terminal sequences are identical.
INTRODUCTION
Several bovine herpesviruses with common features were grouped as bovine herpesvirus 4 (BHV-4; Ludwig, 1983) . Although isolation occurred from different clinical entities, including American malignant cararrhal fever, and even from normal bovine cell cultures in Europe and North America, their biology and DNA restriction endonuclease profiles were very similar. They were classified as bovine cytomegaloviruses (BCMV; Storz et al., 1984) because of the comparable pathobiology with cytomegaloviruses of other mammalian species (Rapp, 1983) .
Little is known about the BCMV genomes, but a considerable amount of reiterated DNA segments have been suggested (Ludwig, 1983; Storz et al., 1984) . Such repetitive DNA elements, with high G + C content, are known from other herpesvirus genomes (Fleckenstein et al., 1975 (Fleckenstein et al., , 1978 Bornkamm et al., 1976 , Rfiger et al., 1980 . Information on their structure and function, however, is slight.
In order to characterize the BCMV genome partially and provide basic knowledge for studying the function of its repetitive DNA sequences, this report deals with cloning and mapping of BCMV polyrepetitive DNA (prDNA) and its arrangement in the genome of six BCMV strains collected from different countries.
respiratory distress in Hungary and the U.S.A.), DDV-7[ (from a cow with metritis in the U.S.A.) and UT (from normal bovine tissue culture in F.R.G.). Their origin, growth and titration in Georgia bovine kidney cells, as well as their identification and differential biological properties, have been described in detail (Ludwig, 1983 ; Storz et al., 1984) .
Preparation of viral DNA. DNA was isolated from nucleocapsids obtained from infected cell supernatant by centrifugation through a sucrose cushion (Storz et al., 1984) . To allow sufficient susceptibility to restriction endonuclease digestion, DNA was further purified by buoyant density gradient centrifugation in ethidium bromidecontaining CsC1 gradients.
Restriction endonuclease cleavage and electrophoresis. Restriction endonucleases were purchased from New England Biolabs, Bethesda Research Laboratories (BRL) or Boehringer. Digestions were performed as specified by the suppliers. Cleavage products were separated in horizontal agarose gels (range 0.6 to 1.5~) in ethidium bromide-containing Tris borate buffer and calibrated with uncleaved phage 2 DNA (New England Biolabs), A DNA HindI]I fragments and ~bXI74/RF HaellI fragments (BRL) as markers.
Exonucleolytic digestion. DNA samples were incubated with 5 units exonuclease III per ~tg DNA in the recommended buffer (BRL) at 37 °C.
Construction of recombinant phage. Total BCMV DNA from strain 66-P-347 and bacteriophage Ml3mp7 replicative form (RF) DNA (Messing et al., 1981) were cleaved with EcoRI, mixed and incubated with T4 DNA ligase (BRL). The ligation mixture was used to transform competent Escherichia coli JM 103 cells (Messing et al., 1981) . Recombinant clones were identified after growth on YT plates (Miller, 1972) containing 50 mg/l Xgal (5-bromo-4-chloro-3-indolyl-fl-D-galactoside), picked and grown overnight in YT medium (Miller, 1972) . For largescale screening of insert sizes, the recombinant single-stranded phage DNAs were sized in agarose gels. Final identification of the inserted fragments was carried out by restriction mapping and hybridization experiments using the double-stranded phage RF DNAs.
35S-labelling of recombinant phage DNA in vitro. Recombinant phage DNA was labelled in vitro with deoxycytidine 5"-[~-3sS]triphosphate by nick translation (Rigby et al., 1977) . Labelled DNA had a specific activity of at least 107 c.p.m./~tg.
DNA-DNA hybridization. DNA fragments were transferred (Southern, 1975) to Gene Screne membranes (New England Nuclear) as recommended by the manufacturer. The DNA attached to the membrane was then hybridized overnight to DNA labelled in vitro using the procedure described by Maniatis et al. (1982) .
DNA length measurement. Electron microscopic contour length measurement was performed according to Davis et al. (1971) .
RESULTS

Analysis of BCMV prDNA using restriction enzymes
All six BCMV DNAs were cleaved with different restriction endonucleases, and after subsequent agarose gel electrophoresis they showed virtually identical cleavage patterns with each enzyme used (see also Storz et al., 1984) . As shown in Fig. 1 for the DNA of strain 66-P-347, which was vsed as reference in all experiments, some of these enzymes yielded cleavage products that appeared as fragments with high molar ratio, ranging in size between 100 and 2750 bp. They were marked alphabetically according to decreasing size. Because of their hypermolarity these bands must contain DNA which is multiply reiterated in the genome and therefore was designated as polyrepetitive DNA. The recognition sequences of enzymes cleaving prDNA have an average (G + C) :(A + T) ratio of 4:1 (Table 1) , indicating a high G + C content in the prDNA.
After (2) 2345 (3) 2355 (3) 2320 (5) 1950 (4) * For each enzyme used, the total sizes (bp) of different hypermolar fragments as indicated by individual bands are given (numbers of fragments in parentheses). For the DNA of reference strain 66-P-347, sizes of individual fragments (A to D') are also listed. complete sequence of a class II prDNA unit. However, it cannot be excluded that prDNA contains a second EcoRI fragment smaller than 50 bp. We constructed the restriction map of the class I1 prDNA unit by setting boundaries of the unit at map positions 250 bp upstream and 2100 bp downstream from its EcoRI recognition site ( Fig. 2 ) for reasons explained in detail below.
Subsequently, the physical maps of the prDNA of the other five BCMV strains were established by restriction analysis (EcoRI, BamHI, BglI, NaeI, SstlI, PstI) and Southern blot experiments. The results demonstrated (i) almost identical prDNA restriction patterns and (ii) hybridization of the cloned prDNA (strain 66-P-347) with equal intensity to all hypermolar fragment bands of each BCMV DNA ( Fig. 3 and 5 ; data for EcoRI, Nae], and SstlI digests not shown). This emphasizes the presence of well-conserved nucleotide sequences in the prDNA of all six BCMV strains. In a further step, it was possible to deduce the restriction maps of class I and class III prDNA units by using the information from the class II map (Fig. 2) .
As shown in with PstI add up to the same total. This is an unexpected finding in view of the three different size classes of prDNA units. However, in PstI restriction patterns of all six BCMV DNAs the molarities ofPstI C and D fragments appeared to be higher in class II than in class I prDNA and higher again in class III prDNA (Fig. 3) . Furthermore, mapping of the class II unit by partial Pst! cleavage revealed a threefold reiteration of both PstI fragments in an alternating (Fig. 2) . This arrangement was in part confirmed by determination of unimolar p r D N A fragments which form the naturally occurring ends of the genome (see below).
In the case of strain (}T (class I p r D N A ) the hybridization experiments revealed, for all restriction enzyme digests (EcoRI, BamHI, BglI, NaeI and SstlI) except PstI, cleavage bands strongly marked by the probe and migrating like corresponding fragments A of class II p r D N A (Fig. 5) . In ethidium bromide-containing agarose gels such'fragments always had a weaker flu- orescence intensity than the 400 bp smaller class I type fragment A of this strain (Fig. 7) . These additional restriction fragments possibly indicate that two populations of D N A molecules are present containing either class II or class I prDNA. Alternatively, each genome may contain p r D N A units of both classes. No effort was made to solve this question.
Genomic termini of, and prDNA loci in the B C M V genome
Cleavage of 66-P-347 D N A with BamHI, BglI or NaeI produced pairs of unimolar fragments smaller than class II unit size (2350 bp), which strongly hybridized with the labelled recombinant D N A (Fig. 5 , fragments marked 'Ta' and 'Tb') and therefore must consist of p r D N A sequences. When 66-P-347 D N A was incubated with exonuclease III prior to restriction enzyme cleavage, these fragments readily disappeared as shown in Fig. 4 for the BamHI cleavage pattern, and therefore were assumed to represent terminal segments of 66-P-347 DNA. Strikingly, all three pairs of end-fragments constitute, with each other, total sizes identical with those of the corresponding BamHI A, BglI A or NaeI A fragments. With EcoRI we detected only one terminal fragment, and with SstlI or PstI no such fragments could be seen. Tb) were detected after digestion with the enzymes EcoRI, BarnHI, BglI and NaeI, but not with SstlI and Pstl (Table 3) , and were found to consist ofprDNA (see Fig. 5 ). By aligning these terminal prDNA segments (stippled bars) in the restriction map they mark the position of the genomic termini and, by definition, the boundaries between the units. They fall on map position 0/2350. The scale is in base pairs. NF, Not found. accordingly set the position '0' of each map 250 bp upstream from the EcoRI recognition site (Fig. 2) . In addition, we concluded that prDNA is located at both genomic termini in the same orientation.
Strain DN-599 (class II) apparently contains at or close to map position 0/2350 a BglI recognition site because hypermolar fragment bands were found in the BglI restriction pattern at the positions of the genomic end fragments. Furthermore, the BglI A fragment of strain DN-599 prDNA was distinctly lower in molarity than that of strain 66-P-347 (Fig. 7) . This indicates that the additional BglI recognition site is either present (i) in each of the class II units of some DNA molecules or (ii) in some units of each single DNA molecule. The fact that only one junction fragment (see below) has been detected in Bg/I-cut DN-599 DNA (Fig. 5b) can be explained by the presence of the additional BglI site at the right-hand junction of prDNA with central DNA sequences and its absence at the left-hand junction (orientation as given in Fig. 9 ). 
Investigation o f junction fragments
If p r D N A is located only at the termini of the BCMV genome, then only two intragenomic unimolar fragments should be found after cleavage of virion D N A with a prDNA-cleaving enzyme. They should consist of unique sequences and prDNA, because they contain the junctions between the terminal prDNA clusters and the central unique sequence of the genome. In Southern blot experiments with cleaved BCMV DNA and recombinant DNA as probe, fragments larger than prDNA unit size were always marked and appeared unimolar in the gels. They were resistant to exonuclease III treatment before the restriction enzyme digestion. For example, after cleavage of virion DNA of all six strains with BafnHI and subsequent hybridization, a set of fragments with a weak label and equal size (6.6 kb) was found besides stronger !abelled fragments with sizes of 2500, 2900 or 3300 bp, which came from strains DDV-71 and UT, 66-P-347 and DN-599, or 75-P-2756, respectively (see Fig. 5a , fragments marked 'Ja' and 'Jb'). The 400 bp discrepancies between the latter fragments reflects the presence of the 200 bp region, which is reiterated with different frequencies in class I, II and III prDNA units. These fragments carry about 60~o to 75~o of a prDNA unit sequence. The 6.6 kb fragments seem to carry only a minor portion of a unit. Similar results were obtained with the enzymes EcoRI, NaeI and BglI (data with BglI shown in Fig. 5 b) . SstII produced two sets (not shown) of equally sized putative junction fragments, both being weakly labelled; PstI cleavage resulted in only one such set. Therefore, the junctions between the central unique DNA and the terminal prDNA clusters cannot lie within the PstI A or SstII A fragments. This position must be located within the 300 bp sequence between map position 1800, 2200 or 2600 (SstII A/B junction) of class I, II or III, respectively, and position 150 (PstI B/A junction), because of the hybridization intensities and relative sizes of the putative junction fragments mentioned above. This 300 bp region also forms the genomic termini, and therefore it seems likely that the terminal prDNA clusters end internally as well as externally at the same map position of the prDNA units. Besides the putative junction fragments we sometimes found additional bands weakly labelled by hybridization (Fig. 5 ). They were hardly visible in the agarose gels and often appeared to be incomplete digestion products of prDNA. It cannot be excluded, however, that some of the additional fragments were marked because of non-specific hybridization (high G + C content) or may even carry a small part of a prDNA unit sequence.
Variability of prDNA unit frequency
Incubation of 66-P-347 DNA with restriction enzymes not cleaving prDNA produced variable numbers of presumably unimolar fragments, as estimated by comparison of their u.v. fluorescence intensity (Fig. 1) . With each of these enzymes (see Table 1 ), however, many weakly stained additional fragments were seen having a molarity of far less than one (in relation to the genome). After use of enzymes at high excess they did not disappear, which led to the conclusion that no incomplete cleavage had occurred. The explanation came from Southern blot experiments with SphI, BglII, HindIII, EcoRV or XbaI cleaved 66-P-347 DNA and the labelled prDNA as probe. Only submolar fragments showed hybridization. In each restriction pattern two families of fragments could be distinguished because of their different intensities in the autoradiogram. As shown in Fig. 8 for Sph], BglII and HindIII restriction patterns, both families appeared as ladders of fragment bands starting with a basic fragment often less than 5 kb in size, and ending with fragments of large molecular size (> 30 kb; in this gel region the superposition of both ladders does not allow identification of single bands). The discrete steps of both ladders seen with 66-P-347 DNA (class II) were 2350 bp in size. Similar results, although with a classspecific step size for each prDNA (class I, 1950 bp; class III, 2750 bp) , were obtained with the other five BCMV strains. Exonuclease III treatment of reference strain 66-P-347 DNA prior to SphI or BglII cleavage revealed that both families of submolar, prDNA-containing fragments readily disappeared (not shown). From this it becomes obvious that the ladders represent genomic end fragments which differ in size by an integral number of prDNA units. The smallest fragment seen often contains only a single unit.
Length measurement of the BCMV genome
Electron microscope examination of 66-P-347 DNA showed linear molecules with an average contour length of 46.5 +_ 2 ~tm (n = 23) using phage PM2 DNA (3.22 ~tm) as an internal length marker. Thus, a genome size of 144 +_ 6 kb (mol. wt. 95.8 _+ 4 x 106) was calculated. 
Structure of the BCMV genome
From the data presented a proposal for the structural arrangement of prDNA in BCMV genomes is given and exemplified in Fig. 9 for the DNA of reference strain 66-P-347. The nonprDNA-containing genome part has an estimated size of 1 l0 kb, as calculated from restriction fragment analysis. Thus, terminal prDNA sequences amount to approximately 20 to 25 ~ of the 66-P-347 genome and are equivalent to about 15 units per DNA molecule. In the other five BCMV genomes the arrangement of prDNA is the same, but the relative and absolute amounts of prDNA and the genome lengths may differ. So far, no evidence has been obtained that prDNA exists in the central part of the genome flanked by unique sequences. Finally, there are no hints of defective BCMV molecules being present in our DNA preparations.
DISCUSSION
The herpesviruses investigated in this study have been grouped as BHV-4 or BCMV (Ludwig, 1983; Storz et al., 1984) . The virion DNA differs considerably in its structural arrangement and molecular weight from that of human (Weststrate et aL, 1980) , murine (Ebeling et aL, 1983) and equine (Wharton et al., 1981) cytomegaloviruses, emphasizing a remarkable diversity of genomic sequence arrangements in this group of herpesviruses. With polyrepetitive sequence units of either 1950 bp, 2350 bp or 2750 bp (dependent upon the BCMV strain) in strict tandem orientation at both ends of the molecule the BCMV genome shows similarities with those of Herpesvirus saimiri (Bornkamm et al., 1976) , H. ateles (Fleckenstein et al., 1978) and H. aotus type 2 (Rfiger et al., 1980) , and represents the first non-primate virus of this kind. The DNA of wildebeest malignant catarrhal fever virus was also suggested to resemble that of other lymphotropic herpesviruses, although enzymes cleaving the repeated sequences were not found and a definite DNA structure has not been published (Herring et al., 1983) .
The function of the stretches of repeat units at the termini of various herpesvirus genomes remains to be clarified. They might play a role in generation of closed circular structures or concatemeric forms as is the case with phages T4 and lambda. Head-to-tail concatemers are known to be replicative intermediates of non-defective herpes simplex (Jacob et al., 1979) , pseudorabies (Ben-Porat & Rixon, 1979) , and channel catfish virus genomes (Cebrian et al., 1983) . The evidence that defective H-genomes of H. saimiri and H. ateles consist exclusively of repetitive H-DNA (Bornkamm et al., 1976; Fleckenstein et al., 1978) suggests the interpretation that an origin of replication is located in the repetitive DNA of these viruses, but supplementary information seems to be required in addition to the H. saimiri repetitive DNA subunit to make it a fully functional origin of replication (Colb6re-Garapin et al., 1981) . Our study shows that (i) the number of repeat units at the ends of the BCMV genome varies considerably but that (ii) the genomic termini lie at identical map coordinates of the repeat units. These findings suggest that the terminal sequence plays an important role as a functional site, possibly for the cutting out of mature genomes from intermediate concatemers. The potential of being cut at those sites at distances of repeat unit size may reflect the role of prDNA as a genome-size buffer, which ensures the packaging of a complete copy of the sequences framed by prDNA.
